This paper presents a novel compact Ku-band active electronically steerable antenna array design with a low-cost and integrated T/R 3D module employed for airborne synthetic aperture radar (SAR) systems. The entire system adopts 3D multilayer technology with vertical interconnection to construct the hermetically packaging RF modules. By assembling different multifunctional modules into a whole multilayer board, the 3D T/R technique greatly improves the system integration and reduces implementation cost and size. Besides, a wideband circular polarized antenna array was designed in LTCC and connected to the proposed T/R modules to form a complete AESA. The whole proposed antenna system has been fabricated and experimentally investigated. Measurement results showed very good phased array performances in terms of gain, axial ratio, and radiating patterns. The low-cost, lightweight, and low-power features exhibited by the proposed design validate its applicability for weight and power constrained platforms with great electronic steering ability.
Introduction
Radar imaging is widely used in applications such as geographical mapping [1] , security surveillance [2] , and collision avoidance [3] . Among many diversified solutions, the synthetic aperture radar (SAR) is a very powerful one because it can synthesize a large aperture to yield increased resolution by using coherent processing of multiple observations from a moving antenna [4] .
On the other hand, due to the quick advancements of airborne techniques represented by the unmanned aerial vehicle (UAV) recently, SAR systems start to appear in some airborne platforms. This significantly extends the mobility, flexibility, and economic efficiency of this special radar. It is well known that the successful implementation of a SAR demands a high performance active electronically steerable antenna (AESA), which is a vital and widespread technique that is commonly utilized in various military and civil applications, such as weather monitoring [5] , aircraft surveillance [6] , space satellite communication [7] , and imagining [8] .
To meet the stringent requirements of power and loading capacity for an airborne system, the AESA must be designed as compact and lightweight. As the most important components in an AESA, the transmit/receive module (TRM) and radiating antenna array are therefore demanded to be power efficient, broadband, dimensionally small, and widely steerable.
To reduce the footprint of TRM, a preliminary 3D packaging concept that vertically stacks multiple submodules has been proposed in the literature [9] [10] [11] . Some wellestablished processes represented by the low temperature cofired ceramics (LTCC), which are particularly suitable for the manufacture of RF modules, are often applied to assemble several MMICs or discrete chips and that can be fabricated with low cost [12, 13] . Passive components can be placed at various layers, and 3D integration enables the compactness of modules. Besides, owing to the high dielectric constant and the low dielectric and conductor losses, the LTCC technology is also widely used in the design of millimeter-wave antenna arrays [14] [15] [16] . Moreover, given the advantages of small size, low profile, and light weight, the patch antennas with LTCC technique are getting more attention for phased array implementations [16, 17] . In this work, a Ku-band AESA with low cost and compact T/R 3D module for airborne SAR systems is devised with a reduced overall implementation cost and rapid prototyping speed. The remainder of this paper is organized as follows: the whole system is briefly introduced in Section 2. The design details of the TRM and antenna array are given in Section 3. Section 4 shows the simulation and measurement results of the devised system. Section 5 finally gives the conclusion.
System Overview

AESA Architecture.
The main motivation of this work is to design a compact and cost-effective AESA system intended for airborne synthetic aperture radar in Ku-band. The main electrical and mechanical specifications are listed as follows:
(1) operation frequency: 15∼16 GHz Figure 1 shows the schematic diagram of the proposed AESA system. According to the listed requirements above, the AESA is designed at the center frequency of 15.5 GHz, with a 1 GHz bandwidth. It is mainly comprised of eight active submodules; each module constitutes an eight-channel 3D T/R module which drives a Ku-band circular polarized antenna array. The antenna features a rectangular grid alignment; the distance between each radiating element is 9.5 mm (roughly g /4), in both azimuth and range directions.
The architecture of the whole system can be divided into three distinct layers. The top one is the radiating layer, where a compact and low-profile microwave antenna array is designed. The middle layer is intended for T/R modules and heat dissipation. The T/R module is aligned in the azimuth direction, containing eight channels. The entire AESA has eight parallel T/R modules in the range direction. This middle layer is connected to the radiating layer through the RF SSMP connectors, with the help of structural fixture. The bottom layer is reserved for a multifunctional board which contains feeding network, beam control, power distribution, and so on. It connects to the middle layer through the RF SSMP and low-frequency connectors, providing beam control instructions, DC power, and RF signal.
Module Design
Low-Cost 3D T/R Module.
As it is well known, the T/R module is one of the most crucial modules in a front end. It produces a high-power signal that drives antenna in the transmitting mode and amplifies weak signal got from antenna for further processing in the receiving mode. The selection of T/R module solution should comprehensively consider factors like electrical characteristics, hardware reliability, maintainability, and cost. Besides, the channel number, interface type, and structure should also be optimized in order to achieve the best overall array performances. Figure 2 shows the diagram of the devised T/R module. In this particular work, the proposed T/R module integrates eight channels. A one-to-eight power divider is included; every output terminal drives an independent T/R unit (depicted in the zoomed-in insert), which is further connected to a radiating antenna array. Each single unit physically contains a receiving path, a transmitting path, and a common path. To achieve large system integrity and guarantee reliability, the transmitting and receiving paths share a common multifunctional chip which integrates a 6-bit phase shifter and frequency synthesizer. The link budget (signal level budget) of the front end is carefully calculated in the Keysight SystemVue software [18] . Transmission line and relevant interconnect losses are considered together with the gain characteristics of chips. Deliberate tradeoffs are made to ensure a best system performance. Meanwhile, adequate design tolerances are reserved to prevent possible failure due to component variation.
As the low-noise amplifier (LNA) and power amplifier (PA) elements have different RF performance specifications, discrete chips are used and connected with the multifunctional chip.
As known to all, the noise figure and gain of first stage largely affect the overall noise performance of the receiving channel. As the receiving channel requires very high gain, a two-stage configuration is adopted for the LNA design. A GaAs LNA chip with 1.5 dB noise figure is used for the first stage. Because the total loss of interconnect, switch, and bonding wire is about 1 dB, the overall noise figure is therefore 2.5 dB. Regarding the transmitting channel, the combination of a GaAs PA and driver chip is applied. Herein, to have good amplitude and phase balance, a 6-bit digitally controlled attenuator is added to the T/R module along with the high resolution phase shifter in the multifunctional chip. Figure 3 depicts the basis specification distribution diagram of the proposed AESA.
In order to reduce system implementation cost and save circuit size and weight as well as prototyping time, a costeffective multilayer PCB technique is used. To be specific, a microwave board and an analog board stick together to form a single board physically. The microwave board contains all the RF components, interconnects, and transitions. RF component includes but not limited to LNA, PA, phase shifter, multifunctional chip, filters, and multiplexer. The analog board, on the other hand, integrates the low-frequency components such as power management IC and signal processing unit, to name a few. With the proposed multilayer PCB technology, it is possible that carefully designed microwave and analog boards can be assembled directly, obviating the need for much shielding between each other which is conventionally added for electromagnetic inference suppression. In the meantime, it helps us to improve installation speed and hardware reliability for mass production. Figure 4 shows the exploded view of the assembled T/R module. The multilayer board is inserted and fixed to the cavity, and a metal plate is placed on top of it for mechanical protection. Nine SMP connectors and a 21-pin low-frequency socket are designed at the two sides of the module.
In order to improve the stability of the devised system, several treatments are applied. Firstly, a time division DC regulation mechanism is adopted. To be specific, the transmitting and receiving circuitries never operate at the same time. By doing so, mutual interference between the two modes is greatly mitigated. Secondly, comprehensive electromagnetic and simulations are conducted and metallic walls and absorptive materials are added to prevent unwanted cavity resonance. Thirdly, strip lines are widely used to isolate microwave circuits from digital and low-frequency analog circuits. The overall dimension of the fabricated eightchannel T/R module is 83 mm × 24 mm × 9.3 mm. Figure 5 gives the 3D assembly view of the whole structure.
Thermal Management.
Proper thermal design is of crucial importance for space application in which unwanted heat should be dissipated efficiently. For first contribution to this issue, two fans are applied at the air inlet to have a supply air rate of 84 m 3 /h and a maximum pressure of 560 Pa. Besides, a series of fins are arranged in each TR air duct to take away the heat. The thickness of fins is thinned to 0.75 mm, while the spacing between adjacent fins is optimized to be 2 mm. These two strategies help us to improve dissipation area. Moreover, the T/R and power modules are soldered directly to the metallic structure using AuSn alloy instead of epoxy resin. For better demonstration, thermal simulations are conducted in ANSYS Workbench to validate the above design considerations. Figure 6 (a) shows the simulated temperature distribution of the package. For an ambient temperature of 40 ∘ C, the peak chip temperature is around 68 ∘ C. Figure 6 (b) depicts the transient thermal analysis result. As one can see, the maximum temperature can be achieved and stabilized in roughly 300 seconds after system starts up, fully validating the effectiveness of heat design.
Ku-Band Antenna Array Design on LTCC.
In order to keep the entire active electronically steerable antenna compact, light, and easy to integrate and install, a patch antenna array composed of 8 × 8 radiated elements is constructed on the top of AESA with a microwave LTCC substrate. A microstrip power divider with 90 ∘ phase difference outputs as well as the slot coupling technique is used to feed each element for realizing right-handed circular polarization [19] . The proposed antenna array is designed individually and connects with the T/R module via SSMP. The circularly polarized radiator is designed to operate at 15.5 GHz with a bandwidth of more than 1 GHz, which is fed by a probe along the diagonal line of the rectangular patch. The distances along the azimuth and range directions between the elements are 9.5 mm, which is about half of wavelength at 15.5 GHz so as to avoid strong coupling. Each radiator is independently controlled by a suit of T/R module so that the amplitude and the phase of the excitation of each radiator can be tuned continuously.
Simulation and Measurement Results
To demonstrate the functionality of the proposed AESA, a prototyping system is manufactured and tested. Figure 7 shows a photograph of the fabricated antenna array. The devised systems are measured in a microwave anechoic chamber. A remote-controlled laptop is connected to it, which conveniently sends the required configuration commands to the systems. The proposed 8 × 8 array antenna is simulated and optimized with HFSS. And the voltage standing wave ratios (VSWRs) of the proposed AESA (excluding the active parts) are measured using Agilent E8363B vector network analyzer.
As indicated in Figure 8 , most of the simulated and measured VSWRs are below 1.5 at the operating band (from 15 GHz to 16 GHz) and good agreements are achieved between the two sets of results, where the slight differences are still acceptable and are most likely caused by the discrepancy in the permittivity of the substrate, the unbalanced coaxial cable feeding, and the uncertain factors during manufacturing. These results prove that the proposed AESA exhibits a good electrical performance.
The measured and simulated axial ratios (ARs) are depicted in Figure 9 . It is readily seen that the proposed antenna achieves a 0.5 GHz bandwidth with the axial-ratio bandwidth of AR < 3 dB (from 15.25 GHz to 15.75 GHz). There is some discrepancy between the simulated and the measured results owing to some unbalanced phase shifts in the fabricated feeding network. However, the bandwidth of the simulated and measured results tends to be of the same level.
The simulated and measured radiation patterns at the center frequency, i.e., 15.5 GHz, at different steering angles, are plotted in Figure 10 . In these cases, it can be seen that the proposed AESA can steer the pencil beams from -60 degrees to 60 degrees, while keeping the side lobe below about -11 dBc. It is readily observed that the measured radiated patterns are in good agreement with the simulated data. And, at both of transmitting and receiving states, the proposed ASEA keeps almost the same radiation patterns, which ensures the performance of the transceiver systems. The antenna gain is measured including the factors such as cable loss, feeding network, and reflection loss. Figure 11 shows the simulated and measured gains at the operating frequency band. In the frequency band 15-16 GHz, the measured gain varies from 22 to 24 dBi and the average of gain is about 23 dBi. There is some slight deviation between the simulated and the measured gain, which may be due to the losses of substrate and inaccurate modeling between the simulation and fabrication. 
Conclusion
In this work, a Ku-band AESA based on 3D T/R module and LTCC patch antenna array has been introduced. By assembling two boards for different purposes into a whole multilayer board, the 3D T/R technique improved system integration and reduced implementation cost and size. Besides, a wideband circular polarized antenna array was designed in LTCC and connected to the proposed T/R modules to form a complete AESA. Measurement results showed very good phased array performances.
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